Abstract
Introduction
There is a renewed interest in the lanthanoid (Ln) isotopic compositions of irradiated nuclear fuels for neutronic calculations of new nuclear reactors, and for the management of radioactive wastes. [1] [2] [3] In both cases predictive modeling is based on nuclear data that are validated by isotopic analysis. For this, Inductively Coupled Plasma -Mass Spectrometry (ICP-MS) is currently the technique mostly used. It is a versatile tool having good detection limit for many elements and short time analysis. While this technique is used in several fields, 4 isobaric interferences arise between different chemical elements with isotopes of equal mass, typically 151, 152 Sm/Eu, 154 Sm/Gd, 154, 155 Eu/Gd in the nuclear fuel cycle, 5 thus potentially causing some problems when this technique is used for the separation of lanthanoids.
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Using a collision/reaction cell is an elegant way to eliminate isobaric interferences, especially for heavy and radioactive isotopes. To that end, the cell (placed just before the mass filter) is filled with a low pressure gas chosen for its chemical reactivity and selectivity towards the interfering ions. 4, [6] [7] [8] Using an ICP-MS equipped with a collision/reaction cell, we intend to investigate the chemical reactivity of
Lanthanoids with gases in order to provide a way of eliminating isobaric interferences and get an efficient method applicable for the separation of lanthanoids in the gas phase. More generally, we are interested in measuring the isotopic compositions of Ln fission products, 9 actinoids (An) activation products and their decay products irradiated in nuclear fuels. 10 Our experiments are performed with a commercially available Q-ICP-MS, where the ions are not especially thermalized prior to the reaction. This is different from the thermalized SIFT-MS 5,11-15 experimental set-up developed by Bohme and coworkers, and one can imagine that the corresponding extra energy in our experimental set-up might induce different chemical reactions, in particular allowing more endothermic reactions. Only single mono-ionizations of lanthanoids (noted hereafter Ln + ) are usually obtained in ICP-MS, and hereafter we only refer to this charge state.
A better understanding of the chemical reactivity of Ln + should help choosing the reacting gases in order to be able to suppress the isobaric interferences. Reactions of Ln + ions have been evidenced with several gases, 5, 11, [14] [15] [16] [17] [18] [19] [20] [21] suggesting that Ln + strongly reacts when it has two non-f unpaired valence electrons, and that reactivity and electronic promotion energy (PE) are correlated 18, 19 (PE is the energy needed for the promotion of one electron from the fundamental electronic configuration 4f n 5d 0 6s 1 to the reactive configuration 4f n-1 5d 1 6s 1 , where n is the number of 4f-electrons in the Ln + ground state).
Gibson 22 also proposed a quantitative correlation between the bonding energies and the electronic promotion energies for oxide ions and molecules of the f-block elements in the gas phase.
Furthermore, chemical reactivity of metal ions is of fundamental interest for the activation of covalent bonds (typically C-H, C-C, C-O, C-F, N-H, N-O), 5, [23] [24] [25] [26] [27] [28] and for the potential elimination of H 2 associated with some of these activations, which could be used to produce gas phase H 2 . We presently chose to study the chemical reactivity between Ln + and NH 3 gas, as NH 3 appears a selective gas. As already pointed out, our present experiments are based on more energetic collisions, and the comparison between our results and the ones from Bohme and co-workers. will allow us to probe the effect of energy for the chemical reactions to occur. Another reason for that choice is that gases based on N donor atoms have been suggested for industrial partitioning of f-block elements, namely for selective extraction of the Am and Cm minor actinoids from lanthanoid fission products. 29, 30 Such fundamental understanding of the chemical reactivity between Ln + and NH 3 34 and checked at higher levels of theory, typically CCSD(T). 35 The geometries of LaNH + and GdNH + were also re-optimized at the MP2 level of calculation to test the reliability of B3LYP geometries: the differences in bond distances were found to be less than 0.02Å in LaNH + and GdNH + . All these calculations were performed with the Gaussian03/09 suite of programs.
36
Stuttgart's small core relativistic effective core potentials ECP28MWB 37-39 with 28 core electrons were used for the Ln atoms. Note that in the ECP28MWB_SEG associated basis set, hereafter called STUT, the exponents for the g-functions were taken from f-ones. All the original f-functions were kept, while at most two g-functions with optimized exponents were found to be enough for our systems. The the STUT basis set vary almost linearly along the Ln series; nevertheless, the same g-exponents (1.2691 and 0.4230) were taken for La and Gd, since linearly extrapolating the g-exponents for Gd ( to check the connectivity of the reactant, the transition state and the product. The zero-point energy (ZPE) was calculated at the B3LYP level. Some ZPE were calculated at the MP2 level on 11 structures along the La and Gd pathways: we found differences lower than 7 kJ.mol -1 with the ZPE calculated at the B3LYP level for 10 structures. The highest difference was observed for GdNH 3 + (S=10) with a value of 12 kJ.mol -1 . Natural population analysis (NPA) were performed with the software NBO5.9.
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The multireference character of our CCSD calculations was estimated with the T1 diagnostic: 44 the values obtained for LaNH + (0.013) and GdNH + (0.023) indicate that the single-reference approximation is enough. To check the reliability of using single reference methods, we used CASSCF/CASPT2 method on B3LYP minimum energy geometries. The relativistic all electron ANO-RCC basis sets 45 were used to validate the electronic picture given by single reference MP2, in particular, the ANO-RCC-VTZP basis set was used for the Ln elements, and the ANO-RCC-VDZP basis set was used for N and H atoms. In all calculations, the Cholesky decomposition [46] [47] [48] technique and the Douglas-Kroll-Hess
Hamiltonian 49 were applied to reduce the computation cost, and to account for scalar relativistic effects respectively. In order to avoid intruder states, an imaginary level shift of 0.2 a.u. was used in the CASPT2 calculation. 50 In the cases of Gd, Eu and Sm, complete active spaces which include the full valence electron shells and the additional orbitals from NH 3 would result in large active spaces that
could not be applied in a practical fashion. Thus, a truncated version of the full valence active space was constructed by removing the empty 5d orbitals of the lanthanoids out of the active space to reduce computational cost. In the case for the GdNH 3 cation, we took into account 9 electrons and 9 orbitals from Gd + , 3 electrons and 3 orbitals from N, 1 electron and 1 orbital from each H resulting in a 15 electron in 14 orbital active space, denoted as (15, 14) . Similarly, a (13,14) active space was applied to The CASSCF/CASPT2 calculations were done with the MOLCAS quantum chemistry software. 51 We have extended our theoretical investigations to the addition of supplementary NH 3 molecules to the LaNH + , i.e. LaNH(NH 3 ) n-1 + + NH 3 → LaNH(NH 3 ) n + for n = 1 to 6, using B3LYP/STUTf geometry optimizations at the low spin state (S=1). ).
Results and discussion
We first describe our experimental results for the reaction of Ln + with NH 3 . They confirm the order of reactivity La +  Gd + >> Sm + > Eu + , already observed by others with different experiments. We then describe our computational results that are consistent with the difference in reactivity as observed from difference in potential energy surface (PES) and associated electronic structures through the PES.
ICP-MS results for the Ln + + NH 3 chemical reaction
Results of the reactions of La + , Sm + , Eu + and Gd + in NH 3 gas with our Q ICP-MS using NH 3 gas at different gas flow rates in the reaction collision cell are presented in Figure 1 and 2. La + and Gd + exhibit high reactivities with NH 3 , giving LnNH(NH 3 ) n + (n=0-5) products (Figure 1) , and their MS signals quickly decrease when NH 3 is introduced (Figure 2) . The major product cations seen in the spectra are forming LaNH(NH 3 ) n + (n = 1-5) and GdNH(NH 3 ) n + (n = 1-4) complexes, as seen in the MS signatures in Figure 1 . Complexes with more NH 3 molecules could not be observed, because their masses are bigger than the mass limit of our instrument (245 amu).
Another product is observed at mass M+16 (Fig 1) . to Ln + to form La(NH 3 ) n + (n=4 to 6) and Gd(NH 3 ) n + (n=4, 5) are also observed (Figure 1 ), but in relatively small quantities, i.e. 10% for both La and Gd (NH 3 flow rate of 0.05 mL.min -1 ).
In contrast, Eu + reacts only slightly with NH 3 . We compared this signal with those obtained with not reactive indium, which signal gives the scattering loss that can explain the intensity decrease of the Eu signal (Figure 2) . Only the EuNH 3 + species is detected (in very small quantities: less than 0.5%) for the smallest value of the NH 3 flow rate. The EuNH 3 + peak is no longer detected, when the NH 3 flow rate is increased. This can be attributed to the decrease of the detection limit when increasing the partial pressure in the collision cell. The peak detected at the vicinity of m/z 208 is due to lead, an impurity present in the acid.
Sm + has an intermediate behavior between those of La + /Gd + and Eu + . The Sm + signal follows nearly the indium one, it decreases slightly more quickly with the NH 3 gas flow rate (Figure 2 ). This reflects some affinity for ammonia. As for La and Gd, a second product is also observed at mass M+16 corresponding to SmO + as confirmed by using ND 3 (Figure 1b) .
Our experimental data are consistent with previous experiments, and in particular those of Koyanagi et al. 5 founding that LnNH + is a key reaction product of the reaction for several Ln monocations including La + and Gd + in their SIFT ICP-MS. Similarly, LaNH + and GdNH + were obtained here by using a Q ICP- 
Potential Energy Surfaces for Ln + + NH 3 reactions
In this section, each step of the potential energy profiles (Figure 4) of the reaction pathways, and the geometries ( Figure 5 ) are described for La + , Gd + , Sm + and Eu + reacting with one NH 3 molecule.
Reaction LnNH 3
+  TS1 will appear to be the key step to explain the differences in the reactivity across the Ln + series. The reaction mechanisms are summarized in Scheme 1.
Energies calculated at the different steps along the chemical reactions are reported in Table 1 32 very recently studied the activation of an N-H bond in ammonia by Ce + at the B3LYP level of theory, also finding a reasonable agreement with CCSD(T) calculations. Similarly, Matsuda et al. 31 studied C-F activation by Ln + using B3LYP and CASPT2, and showed a good agreement between the two methods.
In the following, reactivity is thus discussed on the potential energy surface (see Figure 4) and transition states. Structures are shown in Figure 5 .
The high spin state is the most stable one for the four bare mono-cations (Figure 4) . In the case of La and Gd, the spin multiplicity decreases in the course of the reaction. The HLnNH 2 + intermediate is more stable than the LnNH 3 + precursor. The relative energies of the reactant, the TS and the product suggest that the spin crossing occurs before reaching the transition state (TS1). The same was very recently found for Ce + in a detailed study locating the crossing points between the potential energy surfaces. 32 From here, the reaction proceeds on the low spin PES for both La and Gd. The energy barrier from LnNH 3 + (high spin) to TS1 (low spin) is 105 and 155 kJ.mol -1 for La and Gd, respectively. In TS1, one H is bridging Ln and N, being closer to N ( Figure 5 ). for N, thus associated with Ln-N triple bond. This was confirmed in our companion paper. 59 Hui-Zhen et al. 58 also found a triple bond formed in linear YNH + involving Y s-and d-orbitals, and N s-and porbitals. Note that linear structures of EuNH + and SmNH + can also be calculated, but with longer bond lengths (2.16 Å for both), corresponding to the formation of a double bond between Ln + and NH.
Adding supplementary NH 3 molecules to form larger LaNH(NH 3 ) n + clusters (n=1 -6)
The geometries of LaNH(NH 3 ) n + complexes have been optimized at the B3LYP level (  r G n°, the Gibbs energy of the reactions LnNH(NH 3 ) n-1 + + NH 3  LnNH(NH 3 ) n + has been calculated, and we give an interpretation through the corresponding equilibrium constant K n° and partial pressure P NH 3 ,n of NH 3 at half reaction to add an n th NH 3 molecule to LaNH(NH 3 ) n-1 + (see Table 3 and
Computational details). P NH 3 ,n is found to be smaller than P NH 3 ,cel = 10 -5 atm ( 
